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We study the double Gamow-Teller (DGT) strength distribution of 48Ca with state-of-the-art
large-scale nuclear shell model calculations. Our analysis shows that the centroid energy of the DGT
giant resonance depends mostly on the isovector pairing interaction, while the resonance width is
more sensitive to isoscalar pairing. Pairing correlations are also key in neutrinoless ββ (0νββ) decay.
We find a simple relation between the centroid energy of the 48Ca DGT giant resonance and the 0νββ
decay nuclear matrix element. More generally, we observe a very good linear correlation between the
DGT transition to the ground state of the final nucleus and the 0νββ decay matrix element. The
correlation, which originates on the dominant short-range character of both transitions, extends to
heavier systems including several ββ emitters, and also holds in energy-density functional results.
Our findings suggest that DGT experiments can be a very valuable tool to obtain information on
the value of 0νββ decay nuclear matrix elements.
PACS numbers: 24.30Cz, 23.40.-s, 23.40Hc, 21.60.Cs
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Introduction. The quest for the detection of neutri-
noless ββ (0νββ) decay is one of major experimental
challenges in particle and nuclear physics [1–4]. 0νββ
decay is the most promising process to observe lepton-
number violation in the laboratory. Its discovery would
prove that neutrinos are its own antiparticles (Majorana
particles), provide information on the absolute neutrino
mass, and give insight on the matter-antimatter asym-
metry of the universe [5]. The 0νββ decay lifetime de-
pends on the nuclear matrix element (NME), which has
to be calculated and is sensitive to the nuclear structure
of the parent and daughter nuclei. Nuclear many-body
approaches disagree in their prediction of NMEs by more
than a factor two. Furthermore these results may need an
additional renormalization, or “quenching”, of a similar
amount [6]. This theoretical uncertainty limits severely
the capability to anticipate the reach of future 0νββ de-
cay experiments, and the extraction of the neutrino mass
once a decay signal has been observed.
Given the difficulty of theoretical calculations to agree
on the value of the 0νββ decay NMEs, experimental data
on the nuclear structure of the parent and daughter nu-
clei [7–10], two-nucleon transfer reactions [11], or the
lepton-number-conserving two-neutrino ββ decay [12–17]
have been proposed to test the many-body approaches
and shed light on the NME values. Charge-exchange re-
actions, where a proton is replaced by a neutron or the
other way around, provide information on the Gamow-
Teller (GT) strengths [18–20], offering another good test
of the theoretical calculations [21–23]. The GT strength
of the parent to intermediate nuclei, combined with the
strength of the daughter to intermediate nuclei, is related
to two-neutrino ββ decay. However the connection is not
straightforward because the relative phase between the
two GT contributions cannot be measured. Despite all
these efforts an observable clearly correlated to 0νββ de-
cay remains to be found.
Double charge-exchange reactions have been suggested
to resemble 0νββ decay [24, 25]. The detection of the re-
sulting new collective motion is, however, challenging.
While the double isobaric analogue resonance was found
via pion double charge-exchange reactions [26], the dou-
ble Gamow-Teller giant resonance (DGT GR) remains
to be observed three decades after the first detailed the-
oretical predictions [27–31]. A more recent study was
carried out in Ref. [32]. Modern searches of the DGT
GR are based on novel heavy-ion double charge-exchange
reactions [33, 34]. The data analysis of experiments per-
formed at RNCP Osaka are recent [34] or ongoing [35],
and a similar experiment is planned at RIBF RIKEN [36].
Double charge-exchange reactions will be used at LNS
Catania aiming to give insight on 0νββ decay NMEs [25].
Present DGT GR searches use the lightest ββ emitter
48Ca as target. Several experimental [37–39] and theoret-
ical works [14, 40–46] have investigated the 0νββ decay
of this nucleus. In this Letter we analyze the 48Ca DGT
strength distribution in connection to 0νββ decay. We fo-
cus on the correlation between the properties of the DGT
GR and the 0νββ decay NME. In addition we study the
relation between the DGT transition to the ground state
of the final nucleus and the NME, exploring the extension
to heavier ββ decay emitters.
Double Gamow-Teller transitions. The DGT transi-
tion probability, or strength, is defined as
B(DGT±;λ; i→ f) =
1
2Ji + 1
|〈f ||O
(λ)
± ||i〉|
2, (1)
with Ji the total angular momentum of the initial (i)
nucleus. The DGT operator couples two GT ones O
(λ)
± =
[
∑
j σjτ
±
j ×
∑
j σjτ
±
j ]
(λ), where σ is the spin, τ− (τ+)
makes a neutron a proton (vice versa) and j sums over all
nucleons. The DGT operator can have rank λ = 0, 2, due
to symmetry. For 48Ca Jpii = 0
+ and the DGT strength
populates Jpif = 0
+, 2+ states of the final (f) 48Ti.
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FIG. 1. DGT strength distribution of 48Ca to 48Ti. The red solid (blue dashed) line shows the B(DGT−;λ = 2) [B(DGT−;λ =
0)] transitions. Results obtained with the (a) GXPF1B [50], (b) KB3G [51] nuclear interactions in the single pf shell, and (c)
SDPFMU-DB [41] interaction (an extension of GXPF1B) in the two-shell sd-pf configuration space.
We perform large-scale shell-model calculations to
study the DGT strength distribution of 48Ca with the
Lanczos strength function method [47, 48]. This tech-
nique is based on acting with the DGT operator on the
initial state of the transition, the 48Ca ground state. Af-
ter typically 300 iterations, the states obtained are still
not exact eigenstates of the nuclear interaction but the
strength distribution is a very good approximation to
the exact one [48]. When necessary we project into good
angular-momentum diagonalizing the J2 operator. The
DGT calculations use the M -scheme shell-model code
KSHELL [49]. We smear out the final DGT distribu-
tions with Lorentzians of Γ = 1 MeV width to simulate
the experimental energy resolution.
Figure 1 (a) and (b) shows the DGT strength dis-
tribution obtained with two different nuclear interac-
tions [50, 51] in the configuration space comprised by one
harmonic oscillator major shell (pf shell). The results in
Fig. 1 (c) use an interaction acting in two major shells [41]
(sd and pf shells), limited to 2~ω excitations. The three
DGT distributions are in reasonable agreement, suggest-
ing that the theoretical uncertainties due to the nuclear
interaction and the size of the configuration space are
relatively under control. For instance, the DGT GR cen-
troid energy only differs by 1.6 MeV between the two
one-major-shell calculations.
DGT GR, pairing and 0νββ decay. Next we analyze
the properties of the DGT strength distribution. We
probe its dependence on pairing correlations by adding
to the nuclear interaction
H ′ = H +GJTP JT , (2)
where P J=0,T=1 and P J=1,T=0 denote the isovector and
isoscalar pairing interactions [52], respectively, with cor-
respondingG01 andG10 couplings. ForH we take the pf -
shell GXPF1B interaction, but alternatively using KB3G
gives similar results.
Figure 2 (a) shows the DGT strength distribution
for various values, attractive and repulsive, of the ad-
ditional isovector pairing term. The top panel shows the
G01 = 0.5 MeV case, where most of the isovector pair-
ing of the original interaction is canceled [53], while the
bottom panel uses G01 = −0.5 MeV, greatly enhancing
isovector pairing correlations. The centroid energy of the
DGT distribution, both for λ = 0 and λ = 2 couplings,
increases with the strength of the isovector pairing inter-
action, while the DGT GR width remains rather stable.
Likewise Fig. 2 (b) shows the DGT strength distribution
for isoscalar pairing couplings G10 ranging from repul-
sive values that almost cancel this interaction [53] to at-
tractive ones. The centroid energy of the DGT GR is
rather independent of the isoscalar pairing coupling. In
contrast, strongly attractive isoscalar pairing makes the
DGT GR width broader than with the original nuclear
interaction.
The 0νββ decay NMEs are also very sensitive to pair-
ing correlations, both isovector [54–56] and isoscalar [57–
60]. The 0νββ decay NME is given by a combination of
GT, Fermi (F ) and tensor (T ) components [6]:
M0ν =M0νGT −
(
gV
gA
)2
M0νF +M
0ν
T , (3)
M0νX = 〈f |
∑
jk
τ−j τ
−
k SXVX(rjk)|i〉, (4)
where gA/gV = 1.27 is the ratio of the axial and vec-
tor couplings, the different spin structures are SF = 1,
SGT = σjσk and the tensor ST , and VGT , VF and VT are
the corresponding neutrino potentials, which depend on
the distance between the decaying neutrons rjk. Equa-
tion (3) uses the closure approximation, which is accurate
to more than 90% [44]. In this approximation the neu-
trino potential is the only difference between the domi-
nant term M0νGT and the DGT operator.
We combine the sensitivity to pairing correlations of
the DGT strength distribution, and the well-known sen-
tivity of the 0νββ decay NME to these correlations, by
studying both observables with H ′ obtained with various
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FIG. 2. DGT strength distribution for a range of values from
0.5 MeV (top panels) to -0.5 MeV (bottom) of the couplings
added to the GXPF1B interaction: (a) G01 of the isovector
pairing term, (b) G10 of the isoscalar pairing term. Solid red
(dashed blue) lines show λ = 2 (λ = 0) DGT distributions.
coupling values. Figure 3 shows NMEs as a function of
the centroid energy of the DGT distribution, defined as
Ec =
∑
f EfB(DGT
−, i→ f)∑
f B(DGT
−, i→ f)
. (5)
Figure 3 highlights that the NME, dominated by M0νGT,
is well correlated with the average energy of the DGT
GR. This correlation, driven by the dependence of both
observables to the isovector pairing strength, agrees well
with the results obtained in two major shells, indicated
by an open circle in Fig. 3. This consistency supports the
use of the modified interaction H ′, which may capture
sufficiently well the aspects relevant for the DGT GR –
0νββ decay correlation without the need to reproduce all
other nuclear structure properties. Our study indicates
that a measurement of the DGT GR, besides testing the
theoretical calculation, can provide a hint of the NME
value. A measured centroid energy above (below) the re-
sult of the original nuclear interaction would suggest a
larger (smaller) NME than the initial GXPF1B predic-
tion. Figure 3 indicates that an experimental uncertainty
on the DGT GR peak of a couple of MeV, which might be
experimentally accessible in the near future [25, 35, 36],
would be sufficient to shed light on the 48Ca 0νββ decay
NME. On the other hand, while we find that a narrower
DGT GR is associated with a larger NME, very small
uncertainties below the MeV scale would be needed to
extract information relevant for 0νββ decay.
The correlation in Fig. 3 is useful if the shell model can
reproduce the DGT GR. This will be tested once DGT
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FIG. 3. 0νββ decay NME and DGT GR (λ = 2) centroid
energy (Ec), for the interactions defined in Eq. (2). The black
solid, red solid, green dotted and brown dashed-dotted lines
show the total, GT, Fermi and tensor NME parts, respec-
tively. The blue dashed line denotes the DGT transition to
the 48Ti ground state. The vertical dashed line indicates the
results of the original GXPF1B interaction. The open circle
corresponds to the two-shell total result in the sd-pf space.
data is available. For the moment, shell model predic-
tions for the GT strength distribution of 48Ca [61, 62],
including the GT GR, agree quite well with experiment.
DGT and 0νββ decay NME. Figure 1 shows that the
DGT transition into the ground state (gs) of 48Ti is a
tiny fraction of the total DGT distribution. Nonetheless
this matrix element is expected to be the closest to 0νββ
decay since both processes share initial and final states.
We define the DGT matrix element as
MDGT =
√
B(DGT−; 0; 0+gs,i → 0
+
gs,f)
=
∣∣∣∣〈0+gs,f
∣∣∣∣∑
j,k
[σjτ
−
j × σkτ
−
k ]
0
∣∣∣∣0+gs,i〉
∣∣∣∣. (6)
The DGT matrix element is proportional to the two-
neutrino ββ decay matrix element evaluated in the clo-
sure approximation. The 48Ca MDGT shown in Fig. 3 is
indeed correlated to the 0νββ decay NME.
Figure 4 explores the relation betweenM0ν andMDGT
matrix elements for twenty-six pairs of initial and final
nuclei comprising initial calcium, titanium and chromium
isotopes with mass numbers 42 ≤ A ≤ 60 (panel a); and
seventeen initial germanium, selenium, tin, tellurium and
xenon isotopes with masses 76 ≤ A ≤ 136 that include
five ββ emitters (panel b). We have used various one-
major-shell nuclear interactions [46, 63–65] in each mass
region. These interactions have been tested in nuclear
spectroscopic studies and reproduce experimental two-
neutrino ββ decay matrix elements and GT strengths to
low-lying states with a renormalization of the στ oper-
ator [22, 66–68]. Figure 4 shows a simple linear relation
between the DGT and 0νββ decay matrix elements, valid
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FIG. 4. Correlation between the 0νββ decay NME M0ν and
the DGT matrix element MDGT. (a) Calcium (red), tita-
nium (blue) and chromium (yellow) isotopes calculated with
the shell model GXPF1B (squares) and KB3G (circles) inter-
actions, compared to the EDF 48Ca result [24] (green star).
(b) Germanium (red), selenium (blue), tin (orange), tellurium
(purple) and xenon (light blue) shell model results (filled sym-
bols) calculated with the interactions in Refs. [46, 63–65],
each one represented by a different symbol. Compared are
EDF [24] (green stars) and QRPA [69] (black crosses) results
for ββ emitters, and cadmium EDF values.
up to M0ν ≃ 5. When taking nuclear states truncated
in the seniority basis (using the code NATHAN [48]) the
same linear relation extends to M0ν ≃ 10. The correla-
tion is also common to calculations in one or two major
shells for results in Fig. 4 (a).
Furthermore, Fig. 4 compares the shell model results
with the nonrelativistic energy-density functional (EDF)
ones for ββ decay emitters and cadmium isotopes from
Ref. [24]. The two many-body approaches follow a quite
similar correlation. This is very encouraging given the
marked differences between the shell model and EDF
M0ν values [70]. On the contrary, the quasiparticle
random-phase approximation (QRPA) calculations for
ββ decay emitters from Ref. [69] give small MDGT . 0.4
matrix elements independently of the associated 0νββ
decay NME values.
In order to understand the connection between the two
processes, Fig. 5 (a) shows the matrix element distribu-
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MDGT (orange) matrix elements of 136Xe as a function of (a)
the internucleon distance rjk, (b) the momentum transfer q.
Results obtained with the nuclear interaction from Ref. [46].
tions as a function of the distance between the trans-
ferred or decaying nucleons [71]. 136Xe is chosen as an
example. Both matrix elements are dominated by short
internucleon distances. In the case of DGT transitions
this is because the intermediate- and long-range contri-
butions cancel to a good extent. Radial distributions
in the other DGT matrix elements we have studied can
be somewhat different, but the approximate cancellation
between intermediate and long internucleon distances is
systematically observed. By contrast, Fig. 5 (b) shows
that the momentum transfers are quite different, vanish-
ing for DGT transitions and peaking around 100 MeV in
0νββ decay.
The short range character of both DGT and 0νββ de-
cay matrix elements can explain the simple linear rela-
tion between them. References [72, 73] showed that if
an operator only probes the short-range physics of low-
energy states, the corresponding matrix elements factor-
ize into a universal operator-dependent constant times a
state-dependent number common to all short-range op-
erators. A linear relation between the DGT and 0νββ
decay matrix elements follows. Our correlation depends
moderately on the mass region probably because of the
approximate cancellation of intermediate- and long-range
contributions in the DGTmatrix elements. This explana-
tion is consistent with the different pattern of the QRPA
results, as QRPA DGT transitions do not show any can-
cellation between intermediate and long internucleon dis-
tances [69], contrary to the shell model.
Another difference between shell model and QRPA
DGT matrix elements appears when Eq. (6) is evaluated
introducing a complete set of intermediate states. While
in the QRPA intermediate 1+ states up to 15 MeV can
be relevant [69], typically canceling low-energy contri-
butions, in the shell model the impact of 1+ states be-
5yond 8 MeV is minor [22]. A possible reason is that shell
model calculations, except for 48Ca, miss spin-orbit part-
ners needed to reproduce the GT GR at 10-15 MeV. This
difference may be connected to the disagreement between
QRPA and shell model results in Fig. 4. On the other
hand, the good correlation between shell model DGT
and 0νββ decay matrix elements suggests that intermedi-
ate states may not be decisive, because DGT transitions
involve 1+ states only, while 0νββ decay is dominated
by intermediate states with other angular momenta [66–
68, 71].
The linear correlation between the DGT transition and
0νββ decay in Fig. 4 could be used to constrain the
value of NMEs from DGT experiments. However mea-
suring the MDGT to the ground state is a formidable
challenge. Our calculations predict that this transition
accounts for only about 0.03 per mil of the total DGT
strength. Clean experiments as well as elaborate analysis
are necessary [25].
Corrections to the correlations found in this work may
arise from the renormalization of the 0νββ or DGT op-
erators due to missing many-body correlations [74–76],
two-body currents [77], or an axial tensor polarizabil-
ity [78]. Nonetheless updated correlations could be ob-
tained adding the new contributions to the matrix ele-
ments defined in Eqs. (3) and (6).
Summary. We have performed large-scale shell model
calculations that suggest that double charge-exchange re-
actions can be a very valuable tool to constrain 0νββ de-
cay NMEs. Our study indicates that if theoretical calcu-
lations reproduce upcoming DGT transition data as they
do with GT strength distributions, the experimental en-
ergy of the DGT GR will inform on the 48Ca 0νββ decay
NME value. More generally, we have found a linear cor-
relation between the DGT transition to the final nucleus
ground state and the 0νββ decay NME. The correlation
originates in the dominant short-range character of both
transitions. Recent and planned experiments looking for
DGT strength distributions will test our theoretical pre-
dictions and open the door to constraining 0νββ decay
NMEs in double charge-exchange experiments.
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